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a b s t r a c t

This paper reports the temporal evolution of the scattering and absorbing cross-sections
of marine eustigmatophycease Nannochloropsis oculata grown in a flat-plate photobior-
eactor (PBR). The PBR was operated in batch mode under constant irradiance of 7500
or 10,000 lux provided by red LEDs emitting at 630 nm. The radiation characteristics
between 400 and 750 nm and pigment concentrations of N. oculata were measured
systematically every 24 h for up to 18 days. They were found to vary significantly with
time in response to changes in light and nutrients availability. The results were
interpreted in terms of up- and down-regulations of pigments and other intracellular
components. Finally, this study demonstrates that the light transfer in the PBR could be
predicted using constant radiation characteristics measured during the exponential
growth phase with reasonable accuracy provided that the cultures were not nitrogen
limited. During nitrogen starvation, pigment concentrations decreased and radiation
characteristics evolved rapidly. These results will be useful in the design and operation
of PBRs for biofuel production at both small and large scales.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cultivation of microalgae offers green, sustainable, and
potentially low-cost solutions in a variety of applications.
For example, microalgae could be used to remove metal
contaminants, phosphates, and nitrates from effluent
water [1]. This method is less energy-intensive than
traditional wastewater treatment methods. Also, microal-
gae are able to produce a variety of useful products namely
(i) lipids which can be converted into biodiesel [2], (ii)
hydrogen [3], (iii) fertilizers [1,4], and (iv) nutritional
supplements [1]. Despite promising potentials, significant
scientific and technological advancements are required
before widespread commercialization can be achieved.

Microalgae are typically suspended in growth medium
and cultivated in open pond systems or closed photobior-
eactors (PBRs) [2]. Batch operation is often preferred over
continuous operation for industrial scale PBRs for their
simplicity, flexibility, and low cost [5]. To maximize bio-
mass productivity, microalgae strains are usually selected
for their rapid growth rate and their ability to tolerate high
biomass concentration [6]. To achieve large PBR produc-
tivity, photosynthetic microorganisms require an optimal
irradiance. At high biomass concentrations, light penetra-
tion in the PBR can become severely limiting [7]. Then, a
large fraction of the PBR volume may receive insufficient
energy to carry out photosynthesis leading to a significant
decrease in biomass productivity. Similarly, excessive irra-
diance results in photoinhibition which also severely
hampers growth rates [8]. To counteract these non-optimal
light conditions, photosynthetic microorganisms are able
to photoacclimate by either increasing or decreasing the
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number and size of their photosynthetic units [9]. This enables
control over the energy input driving photosynthesis in the
cells. Moreover, upon exposure to large irradiance, the
decrease in cellular chlorophyll concentration is facilitated
by dilution due to cell division [10]. By contrast, under small
irradiance, the cells should increase their chlorophyll con-
centrations at a fast enough rate to compensate for dilution
due to cell division. Therefore, microorganisms adapt faster
to large irradiance than to small irradiance [10]. Overall,
proper light distribution in the PBR is essential for the
economic viability of large scale microalgae cultivation
systems.

Most cell photosynthetic pigments absorb light in the
so-called photosynthetically active radiation (PAR) region
from 400 to 700 nm [11]. In addition, the refractive index
mismatch between cells and the growth medium causes
incident light to be scattered [12]. The absorption and
scattering properties of microalgae are species-specific
and can be obtained either through experimental mea-
surements [13–15] or from model predictions based on
electromagnetic wave theory [16–20]. These properties are
usually assumed to be time-invariant despite changes in
size and composition as the microalgae adapt to changing
growth conditions [7,13–15,17–19,21–24]. Moreover, in
order to enhance lipid accumulation, microalgae are
deprived of nitrogen through sudden or progressive star-
vation [25]. As a result, the microalgae culture changes
color from green to yellow/brown.

Overall, it is important to consider the impact of
photoacclimation and nutrient limitation or starvation
(particularly nitrogen) on light transfer in PBRs. Changes
in growth conditions are typically encountered during the
course of batch operation. The goal of this study is to
measure the temporal evolution of the radiation charac-
teristics of microalgae during batch growth and to provide
physiological interpretation. The results will be used to
assess the impact on light transfer in PBRs. The marine
eustigmatophycease Nannochloropsis oculata was chosen
as a model organism for its high lipid content and high
biomass productivity [2,25].

1.1. Light transfer

Light transfer in a homogeneous absorbing, scattering,
and non-emitting microalgal suspension is governed by
the radiative transfer equation (RTE) written as [7]

ŝ �∇Iλ r; ŝ
� �¼ �κλIλ r; ŝ

� ��ss;λIλ r; ŝ
� �

þss;λ
4π

Z
4π
Iλ r; ŝ i
� �

ΦT ;λ ŝ i; ŝ
� �

dΩi ð1Þ

where Iλ is the spectral radiation intensity about the
direction ŝ at location r (in W/m2 sr nm) while κλ and ss;λ
are the effective spectral absorption and scattering coeffi-
cients of the suspension (in m�1), respectively. The first
and second terms on the right-hand side of Eq. (1)
correspond to attenuation of the intensity Iλðr; ŝÞ along
direction ŝ caused by absorption and scattering, respec-
tively. The third term accounts for multiple scattering, i.e.,
for the fact that a fraction of intensity Iλðr; ŝ iÞ from
direction ŝ i may be scattered in direction ŝ. The scattering
phase function ΦT ;λðŝ i; ŝÞ represents the probability that

radiation propagating in the solid angle dΩi around direc-
tion ŝ i be scattered into the solid angle dΩ along direction
ŝ. It is normalized such that

1
4π

Z
4π
ΦT ;λ ŝ i; ŝ

� �
dΩi ¼ 1 ð2Þ

The absorption and scattering coefficients are related,
respectively, to the average absorption Cabs;λ and scattering
Csca;λ cross-sections (in m2) by the microalgae cell number
density NT, defined as the number of cells per m3 of
suspension, according to [7]

κλ ¼ Cabs;λNT and ss;λ ¼ Csca;λNT ð3Þ

The extinction coefficient is defined as βλ ¼ κλþss;λ.
Pottier et al. [18] derived an analytical solution to the

RTE using the generalized two-flux approximation con-
sidering one-dimensional light transfer through a well-
mixed algal suspension in a vertical flat-plate PBR of
thickness L. The front window ðz¼ 0Þ was assumed to be
transparent and exposed to irradiance Gin;λ incident at an
angle θc with respect to the direction normal to the PBR
window. The back surface ðz¼ LÞ was diffusely reflecting
with reflectance ρλ. The local spectral fluence rate GλðzÞ in
the PBR, corresponding to the total intensity impinging at
location z from all directions, i.e., GλðrÞ ¼

R
4π Iλðŝ; rÞ dΩ, was

expressed as [18]

GλðzÞ
Gin;λ

¼ 2 sec θc

�½ρλð1þαλÞe� δλL�ð1�αλÞe� δλL�eδλzþ½ð1þαλÞeδλL�ρλð1�αλÞeδλL�e� δλz

ð1þαλÞ2eδλL�ð1�αλÞ2e� δλL�ρλð1�α2λ ÞeδλLþρλð1�α2λ Þe� δλL

ð4Þ

where αλ and δλ are expressed as [18]

αλ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Cabs;λ

Cabs;λþ2bλCsca;λ

s
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The backward scattering ratio bλ for an axisymmetric phase
function is defined as [18]

bλ ¼
1
2

Z π

π=2
ΦT ;λ θð Þ sin θ dθ ð6Þ

where θ is the scattering angle between directions ŝ i and ŝ.
The average fluence rate Gave can be defined as the

volume- and PAR-averaged local fluence rate GλðzÞ per unit
surface area of PBR expressed as [7]

Gave ¼ 1
L

Z 700

400

Z L

0
Gλ zð Þ dz dλ ð7Þ

The average radiant power absorbed per cell present in the
PBR over the PAR region denoted by Aave (in μmol=s=cell)
was defined as [22]

Aave ¼
1
L

Z L

0

Z 700

400
Cabs;λGλ zð Þ dλ dz ð8Þ

This quantity (or AaveNT ) enables the formulation of models
coupling radiant light transfer and microalgae metabolism
and growth kinetics in PBRs [22].

R.-L. Heng, L. Pilon / Journal of Quantitative Spectroscopy & Radiative Transfer 144 (2014) 154–163 155



Author's personal copy

1.2. Nannochloropsis oculata

N. oculata microalgae consist of spheroidal cells appro-
ximately 2–3 μm in diameter. They possess the pigments
Chlorophyll (Chl) a and carotenoids. Chl a is a crucial
pigment in the photosynthetic process [1]. It absorbs
mainly blue and red photons and transfers charges by
resonance energy transfer to the reaction centers. On the
other hand, carotenoids serve as accessory pigments that
can be either photosynthetic (PSC) or photoprotective
(PPC). Photosynthetic carotenoids absorb green and yellow
light and thus broaden the microalgae absorption spec-
trum [26]. Photoprotective carotenoids prevent photo-
damage to a light harvesting apparatus by converting
excess light energy into heat [26]. More specifically, the
in vivo absorption peaks of Chl a are centered around 435,
630, and 676 nm while carotenoids absorb most strongly
between 400 and 550 nm [11].

The present study reports the temporal evolution of the
absorption and scattering cross-sections of N. oculata
during batch growth. The impact of physiological adapta-
tions on the microalgae absorption and scattering cross-
sections during the different phases of their growth was
investigated. The results were used to assess the evolution
of light transfer in flat plate PBRs operated in batch mode
and to evaluate the validity of the commonly made
assumption that microalgae radiation characteristics
remain constant during their growth.

2. Materials and methods

2.1. Cultivation and sample preparation

The microalgae species N. oculata UTEX LB 2164 was
purchased from UTEX Austin, TX. It was cultivated in
artificial sea water medium in 250 ml culture bottles fitted
with vented caps and exposed to a continuous luminous
flux of 2800–3000 lux provided by fluorescent light bulbs
(GroLux by Sylvania, USA). The artificial seawater medium
had the following composition (per liter of distilled water):
NaCl 18 g, MgSO4 �7H2O 2.6 g, KCl 0.6 g, NaNO3 1 g,
CaCl2 �2H2O 0.3 g, KH2PO4 0.05 g, NH4Cl 0.027 g, Na2ED-
TA �2H2O 0.03 g, H3BO3 0.0114 g, FeCl3 �6H2O 2.11 mg,
MnSO4 �H2O 1.64 mg, ZnSO4 �7H2O 0.22 mg, CoCl2 �6H2O
0.048 mg, and vitamin B12 0.135 mg.

After 11 days of growth under continuous fluorescent
light, 10 ml of the culture was transferred into a 2 cm thick
PMMA flat plate PBR. The culture was then diluted with
240 ml of growth medium and the batch experiment
started. The PBR was exposed to an illuminance of 7500
or 10,000 lux (222 or 296 mol μmol photon=m2 s) from red
LEDs (C503B-RAN Cree, USA) with peak wavelength at
630 nm and a spectral bandwidth of 30 nm. The culture
was continuously sparged with 50 cm3/min of air with
2 vol % of CO2 passed through a glass fiber filter of pore
size 0:3 μm (HEPA-Vent by Whatman, USA). The entire
setup was placed on an orbital shaker operated at 90 rpm
to ensure well-mixed conditions and to keep the micro-
organisms in suspension. The temperature was kept con-
stant at 23 1C.

In order to obtain accurate radiation characteristic
measurements, the samples taken in the early stages of
the batch growth (day 0–2) had to be concentrated to
achieve higher optical signal-to-noise ratio. Note that the
small cell concentration rendered centrifugation of the
sample impossible. In addition, absorption and scattering
by the growth medium at these low concentrations were
not negligible compared with those of N. oculata. Thus,
prior to optical measurements, 10 ml of the culture sus-
pension was filtered using 0.45 nm pore size cellulose
membrane filters (HAWP-04700 by Millipore, USA). The
cells were washed off the filter with 3 ml of phosphate
buffer saline (PBS) solution and collected. The growth
medium was replaced with non-absorbing PBS solution
to achieve the desired microalgae concentration. Upon
reaching a sufficiently dense culture, absorption by the
growth medium was negligible compared with that of the
microalgae and there was no need to concentrate the
samples. In fact, samples with high cell concentrations
(after day 6) were diluted with PBS to avoid multiple
scattering during transmission measurements.

Finally, cell number density NT of the culture (in #/m3)
and the distribution of cell diameter f ðdsÞ based on the
equivalent projected area were measured every 24 h using
an automatic cell counter (Nexcelom Cellometer Auto
M10). To do so, 20 μl of a well mixed culture was pipetted
into a disposable hemocytometer (Nexcelom CHT4-
SD100). The device counted the number of cells present
in the known volume of the hemocytometer through the
use of 2D micrographs. Each cell density measurement
reported corresponded to the average cell count of two
samples, each counted twice.

2.2. Radiation characteristics

The average absorption and scattering cross-sections
of N. oculata were measured every 24 h for up to 18 days.
The following assumptions were made during data analysis:
(1) the microalgae suspension was well mixed and ran-
domly oriented, (2) single scattering prevailed thanks to the
low cell densities considered, and (3) the scattering phase
function was assumed to be time-invariant and constant
over the PAR region. Kandilian et al. [27] measured, with
a polar nephelometer, the scattering phase function at
633 nm for N. oculata grown under red LEDs in artificial
sea water medium. The backward scattering ratio bλ was
reported to be 0.0019. They also retrieved the complex
index of refraction and verified that the scattering phase
function was nearly independent of wavelength over the
PAR region. The growth conditions and measured diameters
of N. oculata cells reported in their study were similar to
that in the present study. Therefore, these prior measure-
ments were adopted.

The extinction coefficient of the microalgae suspension
βλ was obtained from normal–normal transmittance mea-
surements, denoted by Tn;λ, after correcting for forward
scattering by the suspension [28]. The measurements were
performed in 1 cm pathlength cuvettes using a UV–VIS
spectrophotometer (Shimadzu, USA, Model UV-3103PC)
from 400 to 750 nm with 1 nm spectral resolution as
illustrated in Fig. 1a. In order to correct for the effects of
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reflection and refraction by the cuvette, the measurements
were calibrated using the transmittance of the reference
medium (e.g., PBS) denoted by Tn;λ;ref . Then, the apparent
extinction coefficient χλ was defined as [28,29]

χλ ¼ �1
t
ln

Tn;λ

Tn;λ;ref

� �
ð9Þ

The detector had a finite size and detected a portion of the
light scattered in the forward direction. This effect needed
to be corrected for since N. oculata cells are largely forward
scattering [27]. The apparent extinction coefficient was
related to the actual absorption and scattering coefficients
by [28,29],

χλ ¼ κλþss;λ�ϵnss;λ ð10Þ

where ϵn represents the fraction of scattered light reaching
the detector and was expressed as [30,31]

ϵn ¼
1
2

Z Θa

0
ΦT ;λ θð Þ sin θ dθ ð11Þ

where Θa is the half acceptance angle of the detector while
the scattering phase function ΦT ;λ of N. oculata was
measured by Kandilian et al. [27].

The absorption coefficient κλ was obtained from normal–
hemispherical transmittance measurements, denoted by
Th;λ, performed with an integrating sphere (ISR-3100 by
Shimadzu, USA) at wavelengths from 400 to 750 nm as
illustrated in Fig. 1b [13]. Then, the apparent absorption

coefficient χh;λ can be expressed as

χh;λ ¼ �1
t
ln

Th;λ

Th;λ;ref

� �
ð12Þ

Due to imperfect reflections at the inner surface of the
integrating sphere and the geometry of the experimental
setup, the detector was unable to capture all the scattered
light. In order to correct for these errors, the apparent
absorption coefficient can be related to the absorption and
scattering coefficients by

χh;λ ¼ κλþð1�ϵhÞss;λ ð13Þ

where ϵh represents the fraction of scattered light detected
by the integrating sphere and was assumed to be constant
over the PAR region. Davis-Colley et al. [29] assumed that
the microalgae did not absorb radiation at wavelength λo
(e.g. λo¼750 nm for N. oculata [27]). At this wavelength,
the absorption coefficient κλ ¼ 0 and ϵh can be retrieved
from Eq. (13) according to

ϵh ¼ 1�χh;λo
ss;λo

ð14Þ

Similarly, the apparent extinction coefficient at wave-
length λo can be retrieved from Eq. (10) as

χλo ¼ ð1�ϵnÞss;λo ð15Þ

Combining Eqs. (10), (13), (14), and (15), the actual
absorption coefficient κλ can be obtained using the follow-
ing expression:

κλ ¼ χh;λ�χh;λo
ss;λ
ss;λo

where
ss;λ
ss;λo

¼ χλ�χh;λ
χλo �χh;λo

ð16Þ

Finally, the actual extinction coefficient βλ can be obtained
by substituting κλ into Eq. (10). Then, the scattering
coefficient was computed using the definition ss;λ ¼ βλ�κλ.

Note that the samples were manually shaken prior to
the transmission measurements so as to minimize the
effects of sedimentation. Each measurement was per-
formed with two samples of different cell densities. The
sample normal–normal and normal–hemispherical trans-
mittances were measured three times and the results were
averaged. The absorption and scattering coefficients κλ and
ss;λ were divided by the samples' respective cell number
density NT to obtain the average absorption and scattering
cross-sections Cabs;λ and Csca;λ according to Eq. (3). Van de
Hulst [32] suggested that “a simple and conclusive test for
the absence of multiple scattering” consists of demonstrat-
ing that scattering intensity is directly proportional to the
particle concentration. In other words, the spectral cross-
sections Cabs;λ and Csca;λ for different cell densities should
collapse onto a single line if single and independent
scattering prevailed. This provided further validation of
the experimental procedure and data analysis.

2.3. Chemical analysis

The pH of each sample was determined with a pH
meter (Omega PHB-212). This provided an indirect method
for monitoring CO2 concentrations in the culture. Indeed,
dissociation of CO2 in water causes the solution to become
slightly acidic. Therefore, an increase in pH could be

Fig. 1. Schematic of experimental setup used to determine (a) the
extinction coefficient βλ from normal–normal spectral transmittance
and (b) the absorption coefficient κλ from normal–hemispherical spectral
transmittance.
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interpreted as lower CO2 concentration in the microalgae
culture.

Pigment concentrations were determined spectropho-
tometrically using the method reported by Wellburn [33].
A 2 ml sample of microalgae culture was centrifuged for
2 min at 10,000 rpm (6500g) and the supernatant dis-
carded. Then, 3 ml of methanol was added to the cell
pellet. The sample was vortexed for 1 min followed by
sonication for 4 min. This ensured that the microalgae cell
walls were broken down. The sample was left in a dark
room for 24 h before being centrifuged to remove cell
debris. The supernatant was extracted and transferred into
1 cm pathlength polystyrene cuvettes for normal–normal
transmittance ðTn;λÞ measurements at 480, 666, and
750 nm. The corresponding optical density (OD) was
defined as ODλ ¼ � ln Tn;λ. Pigment extraction was per-
formed in duplicates and OD measurements in triplicates.
Chl a concentration Cchla (in μg=m3 of suspension) was
determined from the OD measurements according to [33]

Cchla ¼ 15:65ðOD666�OD750Þυ=Vl ð17Þ
where V is the microalgae sample volume (in m3), υ is the
volume of methanol (in m3), and l is the pathlength of the
cuvette (in cm), taken as V¼2 ml, υ¼3 ml, and l¼1 cm.
Similarly, the total carotenoid concentration Cxþ c includ-
ing both PSC and PPC was calculated as [34]

Cxþ c ¼ 4ðOD480�OD750Þυ=Vl ð18Þ
The pigment concentration (in μg=cell) was estimated as
the ratio of the mass of pigment mass per unit volume (in
μg=m3) to the cell number density NT (in #/m3). For the
culture grown under 10,000 lux, pigment extractions were
only conducted after 145 h in order to preserve culture
volume and to investigate the behavior of the pigment
concentrations in the later stages of microalgae growth
during nitrogen starvation.

3. Results and discussions

3.1. Cell growth

Fig. 2 shows the temporal evolution of the cell number
density NT for microalgae cultures grown under 7500 and
10,000 lux. Each data point represents the arithmetic
mean of the measurements and the error bars correspond
to one standard deviation. The growth curves exhibited
the typical microalgal growth phases namely (i) the lag
phase, (ii) the exponential phase, and (iii) the stationary
phase. For both incident irradiances, the lag phase was
characterized by slow initial growth rates and occurred
approximately between 0 and 50–75 h. It can be attributed
to the microalgae's adaptation to drastically different
growth conditions after their transfer from the culture
bottle to the PBR [35]. The exponential phase occurred
immediately after the lag phase and was characterized by
large growth rates. N. oculata cultures grew faster under
10,000 lux than under 7500 lux. The stationary phase
occurred after approximately 225 and 275 h for cultures
grown under 10,000 and 7500 lux, respectively. It could be
due to insufficient light, nutrients, and/or CO2. The cul-
tures grown under 7500 and 10,000 lux reached about the

same maximum cell density of 6.8�1014 cells/m3. It is
important to note that the large fluctuations in number
density NT during the stationary phase were due to the
formation of microalgae colonies that adhered to the inner
surfaces of the PBR. However, subsequent measurements
of the radiation characteristics remain correct because
these colonies were not collected during sampling. Note
also that the equivalent cell diameter ds was 2:6370:5 μm
and did not vary significantly with time.

Moreover, the pH of the culture remained between 7.6
and 8.2 and did not increase significantly during the
microalgae growth. Chiu et al. [36] reported that N. oculata
culture grown in continuous mode maintained a pH of 7.8
when aerated with air enriched with 2 vol % of CO2.
Despite the differences between batch and continuous
modes, the pH was nearly similar. The slight increase in
pH was caused by the growth of the microalgae and the
corresponding increase in CO2 uptake. These observations
suggest that light and CO2 availability were not limiting
factors [36,37]. Thus, nutrient starvation was responsible
for the stationary phase.

Elemental analysis similar to that reported by Kandilian
et al. [27] for the same microalgae species grown in the
Erdshribers medium was performed in the present study
for artificial sea water medium. It predicted that the
culture experienced nitrogen starvation at dry biomass
concentrations of 1.72 g/L. This dry biomass concentration
can be converted into cell number densities by treating
N. oculata cells as spheres with an average diameter of
2:63 μm, water volume fraction taken as 0.7 [38], and dry
biomass density taken as 1350 kg/m3 [19]. Then, nitrogen
starvation was expected to occur at NT¼4.5�1014 cells/ m3.
The cultures grown under 7500 and 10,000 lux reached this
concentration after 200 and 180 h, respectively. These
values show that the microalgae were actually nutrient
limited midway through their exponential phase but con-
tinued growing to more than twice their concentrations
before reaching the stationary phase.
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Fig. 2. Cell number density evolution with respect to growth times for
N. oculata batch cultures grown under 7500 and 10,000 lux of red light.
Lag, exponential, and stationary phases and onset of nitrogen starvation
are also shown.
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3.2. Mass absorption and scattering cross-sections

Fig. 3a and b presents the average absorption cross-
sections Cabs;λ of N. oculata grown under 7500 and
10,000 lux, respectively, in the spectral range from 400
to 750 nm at different times during their growth. The
average absorption cross-section Cabs;λ displayed peaks at
435, 630, and 676 nm corresponding to in vivo absorption
peaks of Chl a and at 485 nm corresponding to that of
carotenoids. Similarly, Fig. 3c and d presents the average
scattering cross-sections Csca;λ of N. oculata grown under
7500 and 10,000 lux, respectively. The cross-sections Csca;λ

and Cabs;λ measured at time 0 h were similar for the two
incident irradiances considered. This confirms that the
initial conditions and experimental measurements were
consistent. The absorption cross-section Cabs;λ features
similar values and trends for both incident irradiances.
For a given incident irradiance, Cabs;λ at wavelength λ in the
PAR region varied significantly during the course of the
experiments. For example, the relative difference between
the minimum and maximum values of Cabs;676 reached up
to 226% for culture grown under 10,000 lux. The same

relative difference for Cabs;485 reaches up to 145% for
culture grown under 7500 lux.

Furthermore, for any given time and wavelength, the
scattering cross-section Csca;λ for N. oculata grown under
10,000 lux was systematically larger than those grown
under 7500 lux while trends in their temporal evolution
were similar. The scattering cross-section of a cell depends
on its size and on the refractive index mismatch between
the cell and the surrounding medium. The effective refrac-
tive index of the microalgae depends on their water
content and their chemical composition [12,38]. The major
cell constituents, namely proteins, carbohydrates, and
lipids, do not absorb in the PAR region and have refractive
indices larger than that of water. In addition, carbohy-
drates and proteins have larger refractive indices than
lipids [38]. Carbohydrates and proteins concentrations in
N. oculata were reported to increase at the expense of
lipids when grown under larger incident irradiance [39].
This may explain why Csca;λ was larger for microalgae
grown under 10,000 lux than that under 7500 lux. Note
also that carbohydrates, proteins, and lipids have an index
of refraction nearly constant over the PAR region [38]
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Fig. 3. (a) and (b) Average absorption cross-section Cabs;λ and (c) and (d) average scattering cross-section C sca;λ in the spectral range from 400 to 750 nm for
N. oculata grown under 7500 and 10,000 lux, respectively.
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while the cell size distribution remains nearly unchanged
over time. This could be the reason why Csca;λ increased or
decreased almost uniformly across the PAR over time.

It is also worth noting that dips in the scattering cross-
sections Csca;λ were observed around wavelengths corre-
sponding to the absorption peaks in Cabs;λ. This “cross-talk”
between absorption and scattering cross-sections can be
attributed to resonance behavior in the real part (or
refraction index) of the complex index of refraction of
the microalgae at wavelengths when the imaginary part
(or absorption index) features strong absorption peaks.
Such resonance is predicted by the Ketteler–Helmholtz
theory [12], among others.

To illustrate the temporal evolution of the absorption
cross-section, Fig. 4a and b plot Cabs;λ at wavelengths
485 nm and 676 nm with respect to time, respectively.
These wavelengths correspond to carotenoids and Chl a
absorption peaks, respectively. Similarly, Fig. 4c and d
shows the measured Chl a and total carotenoids
(PSCþPPC) concentrations as functions of time. Each data
point represents the arithmetic mean of multiple

measurements and the error bars correspond to one
standard deviation. It is evident that the trends in the
absorption peaks Cabs;676 and Cabs;485 closely follow the
trends in Chl a and PSCþPPC concentrations, respectively.
In fact, Cabs;676 and Cabs;485 and the corresponding pigment
concentration reach their maximum and minimum at the
same times. The initial down-regulation of pigment was
caused by exposure to excessive fluence rates when the
suspensions featured relatively small cell number densi-
ties. It contributed to reducing the energy absorbed per
cell to prevent photodamage to their light-harvesting
antenna. It is interesting to note that the time frame
during which pigment concentrations decreased closely
coincided with the lag phase observed in the growth
curves between 0 and 50–75 h (Fig. 2).

Moreover, Fig. 4c and d indicate that Chl a and
carotenoids concentrations increased between times 50
and 200 h for the culture grown under 7500 lux and
between 75 and 180 h for those grown under 10,000 lux.
This was due to up-regulation of pigments by microalgae
to avoid photolimitation. Indeed, due to rapid cell division
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Fig. 4. (a) and (b) Temporal evolutions of average absorption cross-section at 485 and 676 nm and (c) and (d) pigment concentrations (Chl a and
carotenoids) for N. oculata grown under 7500 and 10,000 lux, respectively.
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in the exponential growth phase, the local fluence rate in
the PBR decreased. To compensate, the microalgae synthe-
sized additional photosynthetic pigments in order to
absorb more light.

Finally, nitrogen starvation causes reduction in pigment
synthesis rates [40]. As predicted from elemental analysis
[27], the cultures grown under 7500 and 10,000 lux became
nitrogen limited after about 200 and 180 h, respectively
(Fig. 2). Interestingly, Fig. 4c and d shows that pigment
concentrations decreased sharply around the same times.
In fact, the culture's color changed from green to brown
during nitrogen starvation due to the increase in the ratio of
carotenoids to Chl a.

3.3. Average fluence rate and radiant power absorbed

As previously mentioned, past studies typically measured
the radiation characteristics only once during the microor-
ganisms' exponential growth phase [13–15,17,24]. Similarly,
simulations of coupled light transfer and growth kinetics
typically assume that radiation characteristics remain con-
stant throughout the microalgae growth [18,21,23]. However,
the spectral absorption cross-section Cabs;λ of N. oculata
varied significantly during batch growth and reached (i) its
minimum at the beginning of the exponential phase and (ii)
its maximum immediately before nitrogen starvation. Here,
the two-flux approximation given by Eq. (4) was used to
evaluate the temporal evolution of the average fluence rate
Gave and the average radiant power absorbed per cell Aave
given by Eqs. (4) and (8), respectively. The incident radiation
Gin;λ was normal to the front surface of the PBR ðθc ¼ 01Þ and
the back surface was treated as transparent ðρλ ¼ 0Þ.

Fig. 5a and b show the evolution of the average fluence
rate Gave with respect to time for the cultures grown under
7500 and 10,000 lux, respectively. It was predicted using
Eqs. (4)–(7) along with (i) the measured time-dependent
cross-sections Cabs;λ and Csca;λ (Fig. 3) and (ii) the values of
Cabs;λ and Csca;λ measured after about 140 h during the
exponential growth phase. Predictions of Gave using the
measured time-dependent cross-sections Cabs;λ and Csca;λ

represent the most accurate estimate of the average
fluence rate. During the lag phase or the pigment down-
regulation period, Gave was almost equal to Gin due to very
lowmicroalgae concentrations in both cultures. During the
exponential growth phase, Gave rapidly decreased as the
microalgae simultaneously increased their number density
NT and up-regulated their pigments. Upon nitrogen starva-
tion, Gave started increasing due to the sharp decrease in
pigment concentrations even though the microalgae cells
continued growing. Here, Gave predicted using Cabs;λ and
Csca;λ measured after �140 h was adequate if the micro-
organisms were not in the nitrogen starvation phase when
pigment concentrations decreased sharply. During the
pigment down-regulation and up-regulation phases, the
relative difference in Gave predicted using Cabs=sca;λðtÞ and
Cabs=sca;λð � 140 hÞ was less than 2% and 8% for incident
irradiances of 7500 and 10,000 lux, respectively. However,
it reached 45% and 57% in the nitrogen starvation phase.
Therefore, in the latter phase, radiation characteristics
should be measured as a function of time to predict the
rapid increase in fluence rate.

Fig. 6 shows the temporal evolution of the average radiant
power absorbed per microalgae cell Aave for cultures grown
under 7500 and 10,000 lux predicted using Eq. (8). For both
incident irradiances of 7500 and 10,000 lux, Aave decreased
rapidly during the down-regulation phase. This was due to the
sharp decrease in pigment concentrations in response to
excessive average fluence rate in the PBR. More interestingly,
in the up-regulation phase, Aave featured an initial increase
followed by a subsequent decrease for both incident irra-
diances. This can be attributed to the fact that the increase in
pigment concentrations (Fig. 4c and d) initially compensated
for the decrease in fluence rate. However, it could not
compensate for the rapid cell growth that further decreased
the fluence rate and for the pigment dilution through cell
division, as previously mentioned.

4. Conclusions

This paper presented the temporal evolution of the
average scattering and absorbing cross-sections from 400
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Fig. 5. Evolution of the average fluence rate in the flat-plate PBR as a
function of time for cultures grown under (a) 7500 lux and (b) 10,000 lux
predicted using Eqs. (4)–(7) and (i) time-dependent Cabs;λ and Csca;λ and
(ii) Cabs;λ and Csca;λ measured after �140 h during the exponential phase.
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to 750 nm for N. oculata grown in batch cultures under
7500 and 10,000 lux of red light at 630 nm. These cross-
sections were found to vary significantly with time in
response to changes in fluence rate and nutrients avail-
ability. Their evolution was interpreted in terms of up- and
down-regulation of pigments and cell components in
response to changing growth conditions. The observed
changes in the absorption and scattering cross-sections in
response to the growth conditions are likely to be repre-
sentative of most microalgae by virtue of the fact that most
species have similar pigments (e.g., Chl a) and are able to
photoacclimate [9,10]. In addition, the impact on the
average radiant power absorbed per cells and on the
average fluence rate in the PBR was discussed. The average
fluence rate in the PBR can be predicted reasonably well
using radiation characteristics measured during the expo-
nential growth phase provided that the microalgae are not
nitrogen limited. In the case of nitrogen limitations, the
radiation characteristics have to be measured as a function
of time.
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